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(57) ABSTRACT 

An imaging system having a folded optical axis that is accom 
plished through the effect of a first lens group, a prism, and a 
second lens group wherein a second surface of the prism is a 
mirror wherein the folded imaging system exhibits a horizon 
tal field of view (HFOV) greater than 160 degrees and a 
vertical field of view (VFOV) greater than 80 degrees. Further 
aspects include a conjugate ratio of the lenses to be substan 
tially 5.47 and a ratio of the entire lens focallength to the focal 
length of the first lens to be substantially -0.309. 

12 Claims, 10 Drawing Sheets 
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1. 

MAGING SYSTEMI HAVINGA FOLDED 
OPTICALAXIS 

RELATED APPLICATION 

This application claims the benefit of U.S. Provisional 
Application No. 61/052,180 filed May 10, 2008 which is 
incorporated by reference in its entirety as if set forth at length 
herein. 

FIELD OF THE DISCLOSURE 

This disclosure relates generally to the field of optical 
imaging and in particular to an apparatus that provides a large 
field of view with a folded image. 

BACKGROUND OF THE DISCLOSURE 

In a number of applications the ability to produce a large 
field of view from an imager employing a folded image and a 
lens element before the fold is useful. Such arrangements 
however, have proved elusive. 

SUMMARY OF THE DISCLOSURE 

We have developed, in accordance with the principles of 
the disclosure, an imager which produces a large field of view 
from a folded image. 

BRIEF DESCRIPTION OF THE DRAWING 

A more complete understanding of the present invention 
may be realized by reference to the accompanying drawing in 
which: 

FIG. 1 shows a schematic of an exemplary imager accord 
ing to an aspect of the present disclosure; 

FIG. 2 shows a schematic of an alternative exemplary 
imager according to an aspect of the present disclosure; 

FIG.3 shows a schematic of another alternative exemplary 
imager according to an aspect of the present disclosure; 

FIG. 4 shows a schematic of an alternative of the exemplary 
imager of FIG. 3; 

FIG. 5 shows a schematic of a folded imager according to 
an aspect of the present disclosure having a prism with convex 
Surface; 

FIG. 6 shows in schematic form a top-cutaway-view of an 
exemplary panoramic camera system employing four folded 
imagers according to an aspect of the present disclosure. 

FIG. 7 shows in schematic form side-cutaway-view of an 
exemplary panoramic camera system employing four folded 
imagers according to an aspect of the present disclosure; 

FIG. 8 shows in schematic form a perspective cutaway 
view of an exemplary panoramic camera system employing 
four folded imagers according to an aspect of the present 
disclosure; 

FIG. 9 shows in schematic form a perspective view of an 
assembled panoramic camera system according to an aspect 
of the present disclosure; and 

FIG. 10 shows a schematic of an exemplary capsule con 
taining an assembled panoramic camera system employing 
folded imagers according to an aspect of the present disclo 
SUC. 

DETAILED DESCRIPTION 

The following merely illustrates the principles of the dis 
closure. It will thus be appreciated that those skilled in the art 
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2 
will be able to devise various arrangements which, although 
not explicitly described or shown herein, embody the prin 
ciples of the disclosure and are included within its spirit and 
Scope. 

Furthermore, all examples and conditional language 
recited herein are principally intended expressly to be only for 
pedagogical purposes to aid the reader in understanding the 
principles of the disclosure and the concepts contributed by 
the inventor(s) to furthering the art, and are to be construed as 
being without limitation to Such specifically recited examples 
and conditions. 

Moreover, all Statements herein reciting principles, 
aspects, and embodiments of the disclosure, as well as spe 
cific examples thereof, are intended to encompass both struc 
tural and functional equivalents thereof. Additionally, it is 
intended that such equivalents include both currently known 
equivalents as well as equivalents developed in the future, i.e., 
any elements developed that perform the same function, 
regardless of structure. 

Thus, for example, it will be appreciated by those skilled in 
the art that the diagrams herein represent conceptual views of 
illustrative structures embodying the principles of the disclo 
SUC. 

One aspect of the present disclosure is that of a folded 
imaging system which exhibits a relatively large field of view 
(FOV) while using only a single lens element between an 
object and the fold. As such, a system exhibiting this aspect of 
the present disclosure will be sufficiently compact for an 
array of applications including medical imaging. 

With reference to FIG. 1, there is shown an exemplary 
folded imaging system according to an aspect of this disclo 
sure. As shown in that FIG.1, a folded imager according to an 
aspect of the present disclosure has at least, in order from an 
object side, a first lens group G1 having a negative refractive 
power, a prism P1 having a first surface that is concave P1S1 
and a second surface that is reflective (mirror) P1S2, and a 
second lens group G2 having a positive refractive power. An 
imager is positioned after the second lens group G2. Accord 
ingly, light reflected from the object is imaged upon the 
imager through the effect of the first lens group G1, the prism 
P1, and the second lens group G2. 
As may be appreciated by those skilled in the art, the 

imager may be any of a variety of known imagers, i.e., elec 
tronic or photochemical. 
As shown in FIG. 1, first lens group G1 comprises a single 

lens L1 having two refractive surfaces, convex surface L1S1 
and concave surface L2S2 which exhibits an overall negative 
refractive power. The second lens group G2 is shown com 
prising three lenses namely L2, L3, and L4. Each of the lenses 
includes two refractive surfaces. The first lens in group G2. 
lens L2, has two convex refractive surfaces L2S1 and L2S2. 
The second lens in group G2, lens L3, has two concave 
refractive Surfaces L3S1 and L3S2. 

Interposed between the two lens groups G1 and G2 is prism 
P1 which effects a fold of substantially 90 degrees to the 
overall optical path. As depicted in FIG. 1, prism P1 has three 
optical surfaces. A first surface, P1S1, is a concave refractive 
surface. The second surface of prism. P1, is a reflective surface 
P1S1 and finally, the third surface P2S3 is shown as being 
substantially flat. 

In an alternative embodiment, a stop, or aperture may be 
positioned at this P1S3 surface. In this manner, a very narrow 
exit is produced for light exiting the prism at this point. In 
addition, in a preferred embodiment, the chief rays will cross 
one another at that P1S3 surface. 

Advantageously, a wide array of optical materials may be 
employed to construct the various elements of the folded 



US 8,717,413 B2 
3 

imager. And while optical glass is generally Suitable, newer, 
lighter materials offering increased manufacturability are 
preferred. More particularly, optical polycarbonates or olefin 
materials are good choices for constructing the individual 
lenses and/or prism. 

With reference to FIG. 2, there is shown an exemplary 
alternative folded imaging system according to an aspect of 
this disclosure. As shown in that FIG.2—and similarly to that 
shown in FIG. 1, the alternative folded imager has a first lens 
group G1 having a negative refractive power, a prism P1 
having a first surface that is concave P1S1 and a second 
surface that is reflective (mirror) P1S2, and a second lens 
group G2 having a positive refractive power. 
As shown in FIG. 2, first lens group G1 comprises a single 

lens L1 having two refractive surfaces, convex surface L1S1 
and concave surface L2S2 which exhibits an overall negative 
refractive power. The second lens group G2 is shown com 
prising only two lenses namely L2 and L3. Each of the lenses 
includes two refractive surfaces. The first lens in group G2. 
lens L2, has a convex refractive Surface L2S1 and a concave 
refractive surface L2S2. The second lens in group G2, lens 
L3, has two convex refractive surfaces L3S1 and L3S2. 

Turning now to FIG. 3, there is shown another alternative 
embodiment of a folded imager according to an aspect of the 
present disclosure. As shown, this alternative folded imager 
has a first lens group G1 having a negative refractive power, a 
mirror M1, a second lens group G2 having a positive refrac 
tive power and a third lens group G3 having a positive refrac 
tive power. 
As shown in FIG. 3, first lens group G1 comprises a single 

lens L1 having two refractive surfaces, convex surface L1S1 
and concave surface L2S2 which exhibits an overall negative 
refractive power. The second lens group G2 is shown com 
prising only a single lens namely L2. Lens L2 has two refrac 
tive surfaces, a first substantially flat surface L2S1 and a 
second convex surface L2S2. An aperture or stop mechanism 
may be positioned at this second surface L2S2. 
A third lens group G3 comprising two lenses L3 and L4 

each having two refractive Surfaces. More particularly, lens 
L3 has two concave surfaces L3S1, L3S2, while lens L4 has 
two convex surfaces L4S1 and L4S2. 

With continued reference to FIG. 3, it is shown that the 
second Surface of lens L1 has a pronounced concave Surface 
L1S2. As shown, the mirror, M1, is positioned such that a 
portion of that mirror is within the concave region of that 
second surface L1S2. That is to say, if a line L were extended 
from the inner surfaces of that lens L1 from points L1S2" and 
L1S2" that line would intersect the mirror at some point MP. 

FIG. 4 shows an alternative to that shown in FIG. 3. In 
particular, the folded imager again comprises three lens 
groups namely, G1, G2 and G3, wherein G1 comprises a 
single lens L1, G2 comprises a single lens L2 and G3 com 
prises two lenses L3 and L4. All of the refractive surfaces of 
the lenses are substantially as those shown previously in FIG. 
3. 

Notably however, the top surface of lens L1 has been 
shaped such that a "wedge' shape is produced in that top 
surface. In this manner, mirror M1 may extend outside of the 
curved inner refractive surface L1S2 along that wedge sur 
face. As a result, the mirror M1 may be positioned adjacent to 
the wedge Surface to provide additional stability and align 
ment to these components. 

Turning now to FIG. 5, there is shown yet another alterna 
tive embodiment of a folded imager according to an aspect of 
the present disclosure. As shown in that FIG. 5 the alternative 
folded imager has a first lens group G1 having a negative 
refractive power, a prism P1 having a first surface that is 
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4 
substantially flat P1S1, a second surface that is reflective 
(mirror) P1S2, and a third surface that is slightly convex 
P1S3, and a second lens group G2 having a positive refractive 
power. 
The first lens group G1 comprises a single lens L1 having 

two refractive surfaces, convex surface L1S1 and concave 
surface L2S2 which exhibits an overall negative refractive 
power. The second lens group G2 is shown comprising only 
two lenses namely L2 and L3. Each of the lenses includes two 
refractive Surfaces. The first lens in group G2, lens L2, has a 
concave refractive Surface L2S1 and a second concave refrac 
tive surface L2S2. The second lens in group G2, lens L3, has 
two convex refractive surfaces L3S1 and L3S2. 

Accordingly, light from an object will pass through L1 and 
enterprism P1 in which it is substantially reflected by mir 
rored surface P1S2. The reflected light is directed through 
convex surface P1S3 which may optionally include an aper 
ture or other stop. The folded light is then directed through 
group G2, including lenses L2 and L3 which effect its forma 
tion of an image. 

Turning now to FIG. 6, there is shown a top-cutaway view 
of an imaging assembly according to an aspect of the present 
disclosure which advantageously permits imaging over a full 
360 degree field-of-view. 
The imaging assembly 600 as shown in FIG.6 may advan 

tageously comprise a "capsule’ imager or camera, that is an 
imager that is capsule shaped and which permits the imaging 
of the entire circumference of the capsule. 

In the exemplary embodiment shown in FIG. 6, positioned 
within a capsule housing 610 (shown with top cut-away) are 
optical and other components which form a folded imager as 
described previously. More particularly shown positioned 
within the capsule housing 610 are four folded imagers, 605 
1,6052), 6053 and 6054). Each of the individual imagers 
are positioned such that their horizontal (transverse) field of 
view (FOV) overlaps with the FOV of the adjacent imagers. 

Accordingly, each of the individual folded imagers 6051. 
6052, 6053 and 6054 has a FOV which is substantially 
greater than 90 degrees (FOV->90) and as a result at least a 
full 360 degrees is imaged by the combined image(s). It 
should be noted, that while we have shown four (4) individual 
folded imagers within the capsule housing 610, those skilled 
in the art will appreciate that a greater number of imagers may 
be employed as practical and manufacturable. 
As already noted, each of the folded imagers 6051, 605 

2, 6053 and 6054 are exemplary of those already 
described with respect to FIG. 1 and FIG. 2. More particu 
larly, it is observed from this top view first lenses 6201 . . . 
6204 (which comprise Lens L1 of Group G1 in the earlier 
presented figures). Similarly, it may be seen from this view 
the top of prisms 6301 . . . 6304, which are depicted as 
prism P1 in the earlier presented figures. As can be appreci 
ated by this arrangement, light from the full 360 degrees of the 
capsule circumference is captured by on of the lenses 
6201 ... 6204, and folded through the effect of a respec 
tive prism 6301 . . . 6304, and subsequently imaged onto 
an appropriate imager positioned beneath (in this view) the 
lens/prism assembly in the capsule. 

With these structures in mind, we may now turn to FIG. 7, 
which shows a side-cutaway view of an assembled folded 
imaging apparatus according to an aspect of the present dis 
closure. As can be readily appreciated by those skilled in the 
art, such an apparatus may be used as?in a capsule as appro 
priate. 
Shown in that FIG. 7 is capsule housing or body 710 which 

in a preferred embodiment is substantially cylindrical in 
shape. Depending upon the particular configuration, the 
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housing 710 may be open only at one end or alternatively may 
have a cover or cap placed at each end. 
Shown positioned within the housing and in Substantially 

axial alignment therewith, is a center hub or spindle 720. As 
will be appreciated, the spindle 720 is positioned at substan 
tially the axial center of the housing 710, and thereby facili 
tates axial alignment of other elements positioned therein. 
Alternative arrangements (spindle-free) are contemplated, 
however in a preferred embodiment a spindle 720 may pro 
vide positive alignment of the imager components with the 
housing 710 and one another. 

Positioned within the housing in a stacked arrangement, 
are (from an image side to an object side) a lens 780, a lens 
770, a lens 760, a prism 750, and a lens 740. As can be 
understood with recollection to FIG. 1, the topmost lens in the 
figure, lens 740, comprises the first lens L1 in the first group 
G1, the prism 750 comprises the prism. P1, while group G2 
comprises lens L2 (760), lens L3 (770) and lens L3 (780). 

In addition, a window 790 is positioned beneath the second 
group G2 and disposed beneath the window 790 is an imager 
795. In this manner, light from an object (not specifically 
shown) is collected through the effect of lens 740, folded 
through the effect of prism 750, and subsequently imaged 
onto an imager 795 via window 790. Of course, those skilled 
in the art will at this point recognize that a number of varia 
tions to this general structure are possible, most notably the 
number of lenses comprising the various lens groups and their 
refractive characteristics. 

In particular, while we are showing the exemplary capsule 
embodiments as having four (4) folded imagers, those skilled 
in the art will appreciate that more may be used as applica 
tions dictate. As noted earlier, in a preferred embodiment each 
of the imagers captures or exhibits an enhanced field of view 
which is greater than 90 degrees. Accordingly, each indi 
vidual field of view captured by an individual imager will 
overlap with its adjacent imagers. In this manner, a full, 
panoramic 360 degree image may be constructed from 
images captured by each individual imager. To capture Such 
images, each of the individual folded imagers are positioned 
substantially 90 degrees from one another when positioned 
within the imaging housing shown in FIG. 7. 

The imaging assembly shown in FIG. 7 may be advanta 
geously assembled individually, or as a series of Sub-assem 
blies, depending upon the particular manufacturing 
method(s) employed. In particular, when individual compo 
nents are employed, the assembly process may include posi 
tioning the elements within housing 710, including position 
ing spindle 720, positioning lens(es)780, positioning lens(es) 
770, positioning lens(es) 760, positioning prism(s) 750, and 
finally positioning lens(es) 740. The entire assembly may 
then be maintained in overall position by applying top 730 
which may secure the entire assembly into housing 710. 

Advantageously, it is noted that the individual lens(es) of a 
particular folded imager may be fabricated on a single circu 
lar structure—which may contain all four like lenses—which 
in turn may be positioned in the circular housing 710. In 
particular, a single circular structure may include all four 
lenses 780, which is positioned upon spindle 720 in housing 
710. The successive lens(es) are then positioned upon the 
lower ones, followed by the prism and finally the last lens(es). 
Still alternatively, a Subassembly comprising the spindle and 
the lens “rings” or structures positioned thereon, and the 
entire sub-assembly then positioned within the housing 710. 

Turning now to FIG. 8, there is shown a perspective view of 
a partially assembled panoramic camera system employing 
four folded imagers according to the present disclosure. In 
particular, it is shown positioned within housing 810 is 
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6 
spindle 820, four prisms 850, four lenses 840. Shown in this 
figure are notches 855 formed on a front face of each prism 
850, and mating tabs 845 formed on back (prism side) of each 
lens 845. Such notches and tabs provide a secure, positive 
alignment between the lenses 840 and the prisms 850. 

FIG. 9 shows a perspective view of an assembled pan 
oramic camera system employing four folded imagers 
according to the present disclosure. In particular, shown posi 
tioned within housing 910 are lenses 940 wherein the entire 
assembly is held in place by an overall prism cover 970. As 
shown in that figure, the prism cover 970 may be aligned 
and/or positioned through the use of locator pins 975 or tabs 
formed from the housing 910. 

FIG.10 shows a cutaway-side view of a panoramic capsule 
which contains a panoramic camera and folded imager(s) 
according to an aspect of the present disclosure. More par 
ticularly, capsule body 1000 may be made from any small, 
preferably swallowable, bio-compatible material. Along the 
sides of the capsule body 1000 are windows 1050, which are 
positioned in Substantial alignment with panoramic camera 
assembly 1010 that is securely positioned within the capsule 
1OOO. 

Positioned beneath the assembly 1010 is a window 1020 
which permits captured light to exit the assembly 1010 and 
impact the imaging sensor 1030. In this configuration, addi 
tional electronics and/or processing may be provided upon 
PCB 104.O. 

Accordingly, as the overall capsule 1000 moves through— 
for example, a large intensine—light entering windows 1020 
is captured by lenses L1, folded by prism. P1, and further 
directed to window 1020 and imaging sensor 1030 through 
the effect of lenses L2, L3, and L4. Since each one of the 
individual folded imagers captures images from a field of 
view that is greater than 90 degrees, the images from each of 
the individual imagers may be combined into an overall pan 
oramic image. Accordingly, Such a panoramic capsule may 
panoramically capture images from a trip through—for 
example—a large intestine. Once captured, the images may 
be transmitted wirelessly to a receiver located outside the 
capsule (and the intestine) or alternatively be off-loaded upon 
passing of the capsule. 
At this point we note that an interesting 'Super conic' 

solution proposed by Alan Greynolds of Breault Research 
Organization expands in powers of the distance from a vertex 
to a point on a Surface. The expansion may be described in 
terms of six+y^z. 

Starting with the conic equation for a surface, kz-2R--x+ 
y+z=0, where k is the conic constant and R is the radius of 
curvature, a general power series expansion may be made of 
the form AZ-2Bz+C=0 and the constants are defined as: 

2 
k 2 4. S 4. 6 

A = B = 1 + Us + U2s +... , and C = i + Vis + V2s' + ... . 

Table 1 and Table 2 show the dimensional and overall 
characteristics of the optical elements by surface for the 
exemplary embodiment(s) shown and described herein. 

TABLE 1 

Surface Type Comment Curvature Radius Thickness 

1 TOROIDAL Window O.17699 S.6SOOO O.3SOOO 
2 TOROIDAL O.18868 S.3OOOO 1.6SOOO 
3 STANDARD 1 Lens O.236O4 4.23651 O4(OOOO 
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TABLE 1-continued 

Surface Type Comment Curvature Radius Thickness 

4 STANDARD 1.17566 O.8SOS8 O.766OO 
5 STANDARD Prism 1 -O.74251 -1.34677 O.S84OO 

Surface 
7 STANDARD Fold OOOOOO Inf OOOOOO 

Mirror 
9 STANDARD Prism OOOOOO Inf OOOOOO 
1O STANDARD OOOOOO Inf -0.10000 
11 STANDARD 2" Lens -O.76649 -1.3O465 -0.83O88 
12 STANDARD 1.27987 O.78133 -0.09347 
13 STANDARD 3" Lens O.84388 1.18500 -0.92685 
14 SUPERCONIC -0.51880 -192753 -0.1OOOO 
15 SUPERCONIC 4" Lens -0.83339 -1.19992 -163563 
16 SUPERCONIC 1.1572O O.86464 -OSOOOO 
18 STANDARD Cover OOOOOO Inf -0.40500 

Glass 
19 STANDARD Image OOOOOO Inf OOOOOO 

TABLE 2 

Re 
Sur- fractive Abbe Superconic aspheric terms 

face Index number Conic U1 V1 U2 V2 

1 1.58SS 29.91 O.OO 
2 O.OO 
3 1.5253 55.95s O.OO 
4 O3S 
5 1.5253 55.95 -1.45 
7 O.OO 
9 1.5253 55.95 O.OO 
10 O.OO 
11 1.5253 55.95 -4.19 
12 -1.15 
13 1.58SS 29.91 O.92 
14 -15.OO 17661 -8681 - 4330 0.9628 
15 1.5253 55.95 -904 -1431 O.5129 
16 -2.92 0.9462 1.2851 04712 -O185 
18 1.5.168 64.17 O.OO 
19 O.OO 

An exemplary embodiment according to the present dis 
closure may include an optical imaging system having a first 
lens group with negative power, a prism, a second lens group 
of positive power wherein the first surface of the prism is 
concave, the second Surface of the prism is a mirror that folds 
the optical axis. Such a system may exhibit a HFOV >160deg 
and VFOV >80deg. It may exhibit a conjugate ratio of 5.47. 
Finally, it may exhibit a ratio of entire lens focal length to first 
lens focal length=-0.309, or one wherein the overall focal 
length of the system to the focal length of the first lens group 
is greater than -0.32 and less than 0. Such a system may 
advantageously include a system capsule with a diameter less 
than 13 mm in which an outer circumference is imaged in its 
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entirety by a plurality of cameras with overlapping fields of 
view sharing a common image plane. 
At this point, while we have discussed and described our 

disclosure using some specific examples, those skilled in the 
art will recognize that my teachings are not so limited. 
Accordingly, our disclosure should be only limited by the 
Scope of the claims attached hereto. 
What is claimed is: 
1. An imaging system having a folded optical axis com 

prising: 
a first lens group exhibiting a negative optical power, 
a second lens group exhibiting a positive optical power; 
a prism interposed between the first lens group and the 

second lens group Such that it directs light exiting the 
first lens group into the second lens group, and 

a sensor for detecting images directed thereupon by the 
second lens group; 

wherein said imaging system exhibits a horizontal field of 
view that is greater than 160 degrees and a vertical field 
of view that is greater than 80 degrees: 

wherein the ratio of the overall focal length of the system to 
the focal length of the first lens group is greater than 
-0.32 and less than 0. 

2. The imaging system of claim 1 wherein the prism has a 
Surface that is concave. 

3. The imaging system of claim 2 wherein the concave 
surface of the prism is that surface of the prism through which 
light enters the prism after exiting the first lens group. 

4. The imaging system of claim 1 wherein the prism has a 
Surface that is convex. 

5. The imaging system of claim 4 wherein the convex 
surface of the prism is that surface of the prism through which 
light is directed from the prism into the second lens group. 

6. The imaging system of claim 1 wherein the prism has a 
reflective surface that folds the optical axis. 

7. The imaging system of claim 6 wherein the optical axis 
is folded by substantially 90 degrees. 

8. The imaging system of claim 1 further comprising a 
capsule housing wherein the imaging system is positioned 
within the capsule housing. 

9. The imaging system of claim 8 further comprising a 
window that is substantially transparent to wavelengths of 
light detectable by the sensor, wherein said window is part of 
said housing and is positioned substantially 1.65 mm from the 
first lens group. 

10. The imaging system of claim 1 wherein the ratio of the 
overall focallength of the system to the focallength of the first 
lens group is substantially -0.309. 

11. The imaging system of claim 1 wherein the conjugate 
ratio is substantially 5.47. 

12. The imaging system of claim 1 wherein said first lens 
group consists of a single lens. 
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